We observed polarization-resolved emission spectra of the Balmer-α, -β, and -γ lines of hydrogen atoms and the Q branches of the Fulcher-α band of hydrogen molecules simultaneously with six lines of sight in a poloidal cross section of the Large Helical Device (LHD). From the fit of the spectra including the line splits and their polarization dependence due to the Zeeman effect, we determined the emission locations, intensities and temperatures of the atoms and molecules. The determined emission locations of the hydrogen atoms were just outside the last closed flux surface and the intensities showed small dependence on the location. The emission locations of the molecules were rather around the divertor legs and their emission intensities showed location dependences. The determined atomic temperature was about 1 eV and the molecular rotational temperature was 0.04∼0.07 eV, both of which showed no systematic dependence on the location within the experimental accuracy.
Introduction
In fusion relevant magnetic plasma confinement devices, ionizations of neutral hydrogen atoms and molecules give dominant source of the charged particles. The understandings of their dynamics are demanded for achieving high performance plasmas [1, 2] .
In the peripheral regions of the devices, the neutral hydrogen molecules are generated by desorption and/or recombination on divertor plates and some of them travel toward the plasma. Since the electron temperature and density are high enough to ionize or dissociate most of the molecules by electron impacts even in the outside region of the confined plasma, for example in the divertor leg or the ergodic layer. Most of the neutral hydrogen atoms generated by dissociation, desorption, or recombination, are also ionized outside the confined region, while small part of the atoms penetrate deeply inside the core plasma through charge exchange collision with hot protons [3, 4] .
Since the molecular and atomic emissions are mainly generated in their ionization locations, such hydrogen dynamics have been observed by the emission measurement [5, 6] . In a passive measurement, the integrated intensity along a line of sight (LOS) is observed, and then no spatial information along the LOS is obtained. Weaver of the atomic Balmer-α line along the LOS by comparing its Zeeman split and the spatial distribution of the magnetic field [7] . A multiple LOSs measurement with this technique has been performed by Shikama et al. [8] . Iwamae et al. have demonstrated the emission location measurement of the hydrogen atoms for the Large Helical Device (LHD) with an aid of the polarization-resolved spectroscopic technique [9, 10] . On the other hand, emission lines of hydrogen molecules in fusion devices have been observed by several groups [11, 12] . Vibrational and rotational temperatures of the molecules have been determined from the intensities of several emission lines in the Fulcher-α band [13, 14] . The Zeeman split of the molecular lines has been also observed [15] .
For the purpose of further improving this technique, we recently demonstrated a method to observe several emission spectra of hydrogen atoms and molecules simultaneously with developing a multi-wavelength highresolution (MH) spectrometer [16, 17] . From the observed Zeeman splits of the atomic and molecular lines, we have shown the difference of the atomic and molecular emission locations in the LHD [18] . In this paper, we describe the multiple LOSs measurement of the atomic and molecular emissions for the investigation of the location and intensity distributions in the LHD. A hydrogen plasma is observed with six LOSs, which are shown by horizontal lines in Fig. 1 (b) . For each LOS, we set a polarization-resolved optics (PSO) which consists of a Glan-Thompson prism and two focusing lenses [9] . Two orthogonal linear polarization components of the emission from the plasma are resolved by the PSO. The two polarization components, i.e. ordinary ray (o-ray) and extraordinary ray (e-ray) of the Glan-Thompson prism are introduced into two optical fibers separately. We adjust the angle of each PSO so that the direction of the e-ray is parallel to the magnetic field direction at the inner cross point between the LOS and the ergodic layer. The plasma emissions from the six LOSs are transferred by the twelve optical fibers to the MH spectrometer. With this spectrometer, high resolution spectra of the Balmer-α, -β, and -γ lines of hydrogen atoms and the Fulcher-α band Q1 lines of v = v = 0 and 2 transitions of hydrogen molecules are simultaneously observed, where v and v are vibronic quantum numbers of the upper and lower states of the transition, respectively. Details of the MH spectrometer are described in [16] [17] [18] .
Experiment
In this measurement, we increase the number of the optical fibers for light input and change the focus regions of the spectra on the photo-electric surface of the charge coupled device (CCD) of the MH spectrometer from that described in our previous paper [18] . For the purpose of explaining the focus regions, we show the two-dimensional image on the photo-electric surface of the CCD in Fig. 2 for emission from a low-pressure hydrogen discharge tube (Electro-Technic, SP200). The horizontal and vertical directions are parallel to the dispersion direction and the entrance slit, respectively. The spectra of the five emission lines are focused on the different regions of the photoelectric surface, which are indicated by colored squares in Fig. 2 . Since we use twelve fiber inputs, twelve images align vertically in each region. The relation between the twelve images and the LOSs and their polarizations are indicated in the right of Fig. 2 . The three atomic emissions and two molecular emissions are focused on the same A hydrogen plasma is generated and sustained by the neutral beam injection (NBI) and electron cyclotron heating (ECH) in LHD (shot number: #96998). The time development of the electron temperature, T e , and density, n e , in the plasma center which are measured by the Thomson scattering system [19] is shown in Fig. 3 (a) . The temporal change of the heating power is shown in Fig. 3 (b) . The plasma is ignited at t = 3.3 s and the central temperature is sustained nearly stationary until 4.5 s. Two exposures of the CCD are made during the discharge in t = 3.74∼3.92 s and t = 4.04∼4.22 s. The exposure timings are shown by two dotted squares in Fig. 3 (a) . In the second exposure time, the electron temperature is similar to that in the first exposure time, while the electron density is about twice of that in the first one. Figure 4 shows the spectra of the Balmer-α, -β, and -γ cated by vertical arrows in the figure. The spectra in the two vibronic transitions are focused on the same height of the CCD as shown in Fig. 2 . We show the wavelengths for the v = v = 0 and 2 transitions as the bottom and top axes, respectively. Since our system has small wavelength dependence of the sensitivities, the intensity of the spectra in the v = v = 0 and 2 transition emissions are separately given in the left and right axes, respectively. In Fig. 6 , detailed profiles of the two Q1 lines are shown. The spectra observed in t = 3.74∼3.92 s and 4.04∼4.22 s are plotted in (a-1, b-1) and (a-2, b-2), respectively. The line splits and their polarization dependences due to the Zeeman effect can be seen in both the atomic and molecular spectra. We analyze the atomic and molecular line shapes with assuming the emission locations of the atoms and molecules are localized in two locations along each LOS, i.e. the inboard and outboard sides of the main plasma. From the magnetic field distribution along the LOS, the Zeeman profiles of the emission lines are reconstructed. The velocity distribution of atoms is assumed to be a linear combination of three Maxwell distributions [18] , and the Doppler profile of the atomic lines is reconstructed from the distribution. The molecular velocity distribution is assumed to be a single Maxwell distri- bution. We fit the spectra of both the polarization components simultaneously by taking the Zeeman, Doppler, and instrumental profiles into account. From the fit, the emission locations and intensities are determined. The details of the analytical method are described in [9, 18] .
Results and Discussion
The fit results are shown in Figs. 4 and 6 by bold curves. The observed spectra are well reconstructed by the analysis. In the figures, we also show the calculated spectra of the inboard and outboard sides by thin solid and dotted curves, respectively. The determined atomic emission locations and intensities for two exposure timings are plotted in Fig. 7 by centers and areas of the black circles, respectively. The determined molecular emission locations and intensities from the two Q1 lines are shown in Fig. 7 by gray circles. It is noted that since the intensities of the observed molecular lines for the LOS1 and the LOS6 are small and the signal to noise ratio is insufficient, no profile analyses are performed.
The determined atomic emission locations are just outside the LCFS for both the exposure timings. Nearly the same intensities are observed for the LOSs 2, 3, 4, and 5. On the other hand, the molecular emission locations are determined to be further positions from the plasma center than the atomic ones. Within the error bars, the molecular emission locations are on the divertor legs, where the electron temperature is smaller than the ergodic layer [20] . The tendency is consistent with the previous observation with two LOSs [18] . Larger molecular emission intensity is observed near the divertor plate. Since the ionization flux of the atoms and molecules are nearly proportional to the emission intensity of the Balmer-α line and the Fulcher-α band Q1 lines, respectively, in our density range [18, 21, 22] , the central locations of the black and gray circles in Fig. 7 indicate the dominant ionization locations of the atoms and molecules, respectively. The rotational temperature of the molecules is estimated from the line integrated intensities of the Fulcher-α band Q branch lines, an example of which is shown in Fig. 5 . The analytical method is described in [13, 18] . The results are shown in Fig. 8 . In the figure, the atomic temperature is also shown. The rotational temperature of the molecules is in the range of 0.04∼0.07 eV, which are in the order of room temperature. The atomic temperature is about 1 eV, which may reflect the molecular dissociation energy. These tendencies are also consistent with our previous result [18] . The dependences of the temperatures on the LOSs or on the exposure timings are not clearly detected within the experimental accuracies.
Summary
We observe the linearly polarization-resolved spectral line shapes of the Balmer-α, -β, and -γ lines of hydrogen atoms and Fulcher-α band Q branches of molecules simultaneously for a hydrogen plasma generated in the LHD. We use six LOSs which cover the poloidal cross section of the LHD. From the analysis of the spectra including the line splits and their polarization dependences by the Zeeman effect, the emission locations, intensities and temperatures of the atoms and molecules are determined. The determined emission locations of the hydrogen atoms are just outside the LCFS while the molecular emission locations are close to the divertor legs. The molecular intensities are found to be large near the divertor plate in contrast to the relatively uniform intensity distribution of the atomic emissions. The determined atomic temperature is in the order of 1 eV, while the determined rotational temperature of molecules is 0.04∼0.07 eV, both of which show no systematic dependence on the location within the experimental accuracy.
